I. INTRODUCTION HE INCREASING use of composite materials in in-
T dustrial and military applications necessitates intensive studies of their electromagnetic properties. An investigation of the electromagnetic properties of advanced composite materials was introduced by Allen, Walker, and Siarkiewicz [ l] , including their electrical constitutive parameters and electromagnetic shielding properties. The electrical and electromagnetic impacts on composites, such as lightning protection, shielding effectiveness, electrical system, antenna operation, static electricity, and radar cross section, were also discussed by Blake [2] in 1976. From these studies, it is noted that composite materials can only provide a marginal conductivity and they are highly anisotropic in their electrical constitutive parameters, which makes the study of their electromagnetic properties an important issue in electromagnetic compatibility (EMC).
Laminated composite panels whose fibers do not possess a preferred orientation were modeled as a uniaxially anisotropic conductivity or dielectric slab. These were studied by Casey [3] , both in frequency and time domains. However, design information for the composites, whose fibers possess a preferred orientation, is not available.
The nonspecular electromagnetic scattering from finite composite laminates was investigated by Krohn and MedgyesiMitschang [4] in frequency domain, using the electric-field integral equation together with the entire domain Galerkin expansion. Although they could get an accurate solution for Manuscript received April 27, 1992; revised March 18, 1993 . This work was supported by the National Science Council of the Republic of China under Grant NSC 82-0404-E-002-237.
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IEEE Log Number 9209375. nonspecular scattering, the mathematical formulation was not easy to extend to multiplied laminates.
By constructing the solution of frequency-domain Maxwell's equations in each composite lamina, imposing the boundary conditions on the interfaces, and finally cascading the wave-transmission matrix for each lamina, one may derive the relation among the incident, reflected, and transmitted fields. This was called the wave-transmission-matrix (WTh4) method [5] and may be used to solve the laminated and anisotropic composites which are illuminated by an obliquely incident plane wave. Basically, one may obtain the desired time-domain response from the frequencydomain one by the fast Fourier transform (FFT) algorithm. However, for the transient pulses considered in this study, this FFT approach is not efficient and requires a lot of sampled points because the transient waveforms rise sharply during a very short early time and then last for a long period.
Recently, an equivalent-transmission-line-circuit (ETLC) model [6] was developed mainly to treat the transient problem of a plane wave in inhomogeneous, anisotropic, and transversely lossy slabs. This model was established based on the analogy between the field equations and the coupled transmission line equations [7] , [8] which were approximated by suitable lumped circuits and then solved by the circuit simulation program such as ASTAP [7] , PSPICE [9] , etc. In this study, the ETLC model is adopted to investigate, in detail, the electromagnetic propagation problem of laminated and anisotropic composites both in time and frequency domains. To check the accuracy of the time-domain results, the finite-difference time-domain (FDTD) method is also applied to treat the transient problem of normal incident cases.
In this study, the numerical results for graphite / epoxylaminated panels are included and discussed in detail. The results obtained by the ETLC model are compared with those by the WTM method in frequency domain and those by the FDTD method in time domain. The factors influencing the electromagnetic propagation properties of laminated composites, such as number of plies, fiber orientation, and the angle, frequency contents, and polarization of incident wave, are discussed. Also included in this study is an empirical formula to estimate the copolarization terms of transmittivity, based on the low-pass characteristics of graphite/epoxy composites. Finally, an unusual transmittivity rise phenomenon explained by multireflection resonance is investigated. 
STATEMENT OF PROBLEM
Consider the propagation problem associated with the anisotropic M-ply laminated composites which are illuminated by an obliquely incident plane wave as shown in Fig. 1 where IC0 = w-= w / c is the free-space wavenumber and c is the velocity of light. In this study, it is desired to find the fields € ( z , t) and %(z, t) at z = 0 plane, under an obliquely incident plane wave of arbitrary waveform P(t) and @(t).
EQUIVALENT-TRANSMISSION-LINE-CIRCUIT (ETLC) MODEL
The ETLC model [6] is adopted to treat the transient problem for the anisotropic laminated composites. This model is discussed by the coupled transmission line equations together with the boundary conditions between the voltage and current
To facilitate the analysis, the plane wave is decomposed into the Ell -wave and El-wave components, respectively. The Ell (or E l ) wave means the one with E-field parallel (or perpendicular) to the z--z plane of incidence. The voltage and current wave vectors are defined as
The equivalent inductance, capacitance, and conductance matrices in (3) are given by
In (4), the subscript ''p" = " 11' ' (or "1") denotes that the incident field is the Ell (or E l ) wave; while 711 = qocosI9 and q l = qo/ cos 6 are the characteristic impedances of the Ell and E l waves, respectively; and qo = && is the intrinsic impedance of the free space.
From the coupled transmission line equations (3) 3. Thus solving the electromagnetic propagation problem of the composites is then equivalent to finding the frequencyand time-domain solutions from the ETLC model.
In order to implement the ETLC model on the circuit simulation program, the transmission lines in Fig. 3 should be discretized and approximated by cascading lumped T and R circuits, such as T-T-R and T-T-T circuit models. The R-T-R (or T-T-T) circuit model is the one which provides shunt elements (or series elements) at the source and load ends. It was noted that the R-T-R circuit model has better convergence and numerical stability properties than the T-R-T one [6] . For the propagation problem of Fig. 1 , the detailed lumped T and R circuits for a section of length 1 are shown in Fig. 4 . The circuit elements are related to the electrical parameters of the composites by
and the coefficient k of mutual coupling between two lines is equal to zero.
These lumped-circuit models are directly suitable for use in standard circuit analysis programs such as PSPICE [9] . Accordingly, the analysis of transient propagation in anisotropic laminated composites may easily be conducted by the PSPICE computer simulation. The output waveform of the time-and frequency-domain field solutions can be plotted directly based on the interactive graphics facility of PSPICE.
In PSPICE computer code, the frequency-domain analysis can be conducted by the command ".AC". From the output data of PSPICE program, we can get the transmittivity coefficients ~I , , I ,~I J , T L J , and Tl,1l and the reflectivity coefficients R I I J , R I I ,~, R I J , and R~, I I , in the frequency domain, by the following definitions:
Here the first subscript "p" = "I\" (or "1") denotes that the incident field is the Ell (or E l ) wave, and the second subscript "q" = ' ' I ( ' ' (or "l") denotes that the reflected and transmitted fields are the Ell (or E l ) wave.
The time-domain analysis may also be conducted by the command " . T U N . Then, the transient waveforms for reflected and transmitted fields t?;,q(t) and &i,q(t) may be obtained for any incident field waveform (t) . The definitions of "p" and "q" are the same as those defined in the frequencydomain analysis.
IV. FINITE-DIFFERENCE TIME-DOMAIN (FDTD) METHOD
The FDTD method is also used to obtain the transient solution of the problem in Fig. 1 
Here the coefficients are defined by A is the space lattice increment in the z direction, At is the unit time increment, and f n ( k ) denotes f(nAt, kA). By the system of finite-difference equations (9), the new value of field component at any lattice point depends only on its previous value and also on the previous values of the components of the other fields at adjacent points.
To ensure the stability of the numerical iterative scheme, At is limited by the criterion At 5 A/vm,, [14] , where Wm, , is the maximum phase velocity within the media. Here, we choose 2cAt = A in the numerical computation.
For practical computation, the finite-difference grids should be finite. In our propagation problem, the medium is of infinite extent in the z direction; therefore, a suitable absorbing boundary condition (ABC) should be implemented in the analysis. Here, the Mur's first-order approximate ABC [15] is adopted and expressed as where the subscript 0 denotes the grid point at the truncation wall and the subscript 1 denotes the grid point at one space lattice increment inside the truncated wall. 
V. INCIDENT TRANSIENT PULSES
Two types of incident wave are considered, Le., the Gaussian pulse and the electromagnetic (EM) pulse, such as nuclear electromagnetic pulse (NEMP) and lightning waveform. The Gaussian pulse is given by p ( t ) = e-[(t-to)/712 4 t ) (12) where to is the peak delay time, T is the pulsewidth, and t > O t < 0.
= { (i :
The value of pulsewidth T determines the frequency content of the Gaussian pulse. Three cases of (7, t o ) are discussed: (0.1 ns, 1 ns), (1 ns, 10 ns), and (10 ns, 100 ns). The time-domain waveform and the frequency spectrum of each Gaussian pulse are shown in Fig. 5(a) and (b) . Note that the frequency content of the pulse with small T(T = 0.1 ns) is about 100 times higher than that with large T (T = 10 ns), but the frequency content is independent of the peak delay time to. Here, we refer to the pulses with (0.1 ns, 1 ns), (1 ns, 10 ns), and (10 ns, 100 ns) as high-frequency (HF), medium-frequency (MF), and low-frequency (LF) Gaussian pulses, respectively.
The EM pulse waveform discussed is double exponential as given by where EO = l/(e--ato -e-Pto), and to = ln(p/a)/(p -a).
The values of a and p determine the shape and frequency spectrum of the EM pulse. We shall consider two EM pulses defined by Lee and Dudley [16] . The time-domain waveforms and the frequency spectra of these two pulses are shown in Fig.   6 (a) and (b). In the case of a = 1 x lo7 and p = 1 x lo8, the amplitude of frequency spectrum drops approximately 50 dB as the frequency goes from dc to 100 MHz. And for the case of cy = 2 x lo9 and p = 3 x lo9, the frequency spectrum drops 50 dB over the frequency range from dc to 7 GHz. Because the frequency content of the latter is much higher than that of the previous, we refer to the latter as the high-frequency EM pulse and to the previous as the low-frequency EM pulse.
VI. RESULTS
Anisotropic laminated composite materials such as the graphite/epoxy (GE) composites are the main concern of this study, because they are widely used in aircraft structures [l] . For these composites, their conductivities are mainly provided by the fibers because those of epoxy matrices may be neglected. Over the frequency range of this study, the plies are electrically very thin and the fiber separation is a tiny fraction of a wavelength. Thus the tensor constitutive parameters of G/E specimens may be estimated by the method suggested by Casey To apply the ETLC model, we let urz = 0 in the problem of Fig. 1 and (1) . This assumption does not affect the accuracy of the results in normally incident cases, and it only slightly affects the accuracy in obliquely incident cases if the incident angle 0 is less than 30". Here, the number N of 7r and T sections per lamina is depended on the effective skin depth of the composites, and the n-T-7r circuit model is used in the computations.
Although the ETLC model is mainly used here for transient analysis, it is also applied to the frequency-domain problem. To provide the frequency-domain characteristics, we analyze the four-layer G/E laminated composites with fiber orientation [0°/450/900/ -45'1 both by ETLC model and the wave-transmission-matrix (WTM) method [5] . The results are shown in Fig. 7(a) and (b) for Ell-and El-waves incidence, respectively. Excellent agreement among the results confirms the accuracy of the ETLC model. Fig. 7 (a) and (b) illustrates that the frequency response of G/E composites reveals a lowpass characteristic. This characteristic can be explained by the detailed lumped circuits of the ETLC model, shown in Fig. 4 .
In the lower frequency range, the conductance circuit elements are the dominant ones. By these arguments, an empirical formula for estimating the copolarization terms Tp,p in the lower frequency range may then be proposed as
Here ( a ,~)~ (mho/m) is the effective conductivity of the mth ply composite lamina which depends on material properties, fiber orientation, and incident wave polarization, and is given by In Fig. 7(a) and (b) , we also notice that there is an unusual rise on the transmittivity curves near 1 GHz, especially for the E lwave incidence. This phenomenon may be explained by the concept of quarter-wavelength transformer or multireflection resonance. When a wave is multiply reflected in a region, the cross-polarization terms TI,^, T_L,II, R I I , ~, and Rl, 1l will be dominant if the thickness of the region is near a quarterwavelength. To check the accuracy of the time-domain results, both the ETLC model and the FDTD method are employed in the transient analysis. For this purpose, we examine the transient propagation properties of four-layer G/E laminated composites with fiber orientation [Oo/45'/9O0/ -45' 1. Here, the EM pulses are normally incident on the composites. The resulting time-domain responses to the low-frequency and high-frequency EM pulses are shown in Fig. 8(a) and (b) , respectively. Excellent agreement among the results again confirms the accuracy of both methods. To obtain accurate and convergent results, the length I of the 7r or T section in the ETLC model should be less than Seff/2, while the space lattice size A in the FDTD method should be less than Se,/l0. The effective skin depth Seff of laminated composites is defined by For a pulse with a maximum frequency component fmax = 10
GHz and the effective conductivity geff = 2 x lo4 mhoslm, the effective skin depth is Se, = 3.56 x m. In this case, 1 (or A) should be less than 1.78 x m. Therefore, for a lamina with a thickness d = 5 mils, the number N of 7r or T sections (or lattice points) should be greater than 7 (or 35) in the computation of the ETLC model (or the FDTD method). Special consideration in stability and absorbing boundary conditions should be given in the FDTD method, and the computation time of the ETLC model is much less than that of the FDTD method. Therefore, the FDTD method is mainly used in the accuracy check.
The shape of the transmitted fields Et can be predicted by the low-pass characteristic of the composites. The major frequency content of low-frequency EM pulse is from dc to 100 MHz. From Fig. 7 , it is found that this frequency content is within the passband of the composites. In other words, the frequency response (transmittivity) of composites is a constant value in that frequency range. Therefore, for a low-frequency EM pulse, the composites do not essentially affect the shape of transmitted fields ( Fig. 8(a) ). Of course, the peak values of €i,,l and can be estimated by (16). Conversely, the major frequency content of high-frequency EM pulse covers the nonpassband of composites. Consequently, the shape of transmitted fields in Fig. 8(b) is distorted and there is a greater reduction in the peak values as compared with the low-frequency pulse.
The effect of varying the incident angle 8 on the transient properties of four-layer G/E laminated composites with fiber orientation [Oo/45'/9O0/ -45' 1 is investigated. Shown in Fig.   9 are the results with low-frequency Ell EM pulse incidence. Clearly, the peak value increases as 8 increases for all fields, and this is a consequence of the fact that the E field is inclined with respect to the direction of fiber orientation. The peak value of Elf,!, can also be estimated by (16).
The transient propagation properties of a unidirectional Mlayer G/E with low-frequency EM pulse incidence are shown in Fig. 10 . As expected, the incident Ell-wave component suffers much more attenuation than the incident El-wave component when they are passing through the anisotropic G/E layer, because 0,) is much larger than oyt. One should notice the phenomena associated with the increasing thickness (D = Md): the decrease of the peak value, the increasing time delay of the main peak, and the increasing pulsewidth of the transmitted field Ei,ll. The peak values of the transmitted field and the total field E; + €I,l also decrease as thickness increases. However, the peak value of the total field Ei + Ei,ll in the "0" region is only slightly affected by the thickness. As expected, a distortion in the shape of the transmitted field for the high-frequency Gaussian pulse is observed, because the composites have a low-pass characteristic. In addition, the Incident wave is low-frequency Ell EM pulse. high-frequency Gaussian pulse suffers much more attenuation than does the low-frequency one, when the Ell wave is incident. Contrary to the Ell-wave incident case, we find that the low-frequency Gaussian pulse suffers greater attenuation than the high-frequency one when the E l wave is incident.
This can be explained by the phenomenon of unusual rise in the transmittivity coefficients depicted in Fig. 7(b) . It is found that part of the frequency content of the high-frequency Gaussian pulse is located over the frequency range of the unusual rise where attenuation is less than that in the lower frequency range.
VII. CONCLUSIONS
Both the ETLC model and the FDTD method have been employed to treat the time-domain responses of the laminated composites to EM and Gaussian pulses. The factors to influence the transient response of G/E laminates, such as material properties, laminate thickness, and the polarization and frequency contents of the incident pulse, have also been investigated. Numerical results have illustrated that the frequency response of the G/E laminates reveals a low-pass characteristic. By this argument, an empirical formula has been proposed to estimate the copolarization terms Tp,p in the lower frequency range and the peak of low-frequency transmitted pulses. An unusual transmittivity rise phenomenon explained by multireflection resonance has also been observed, and the cross-polarization terms are dominant in the frequency range for which the thickness of the multireflection region is near a quarter-wavelength. The ETLC model and the FDTD method adopted in this paper are only limited to one-dimensional cases. Extension of these theories to cover two-and threedimensional laminated composites is thus worthy of further
